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ABSTRACT 

Charge exchange c ross  sect ion8 f o r  Ar' ions  inc ident  on 

hydrogen and deuterium have been measured over the energy range 

of 30 t o  over 1000 eV. The argon ion beam was formed by e l ec t ron  

bombardment and e l e c t r o s t a t i c  acce le ra t ion .  

energy was nominally 18 e V ,  although the r e s u l t s  appeared t o  be 

i n s e n s i t i v e  t o  t h i s  parameter. The measured c ross  sec t ions  f o r  

A r  + H2 + A r  + H2+ a s  a function of ion energy a r e  compared 

wi th  the r e s u l t s  of o ther  i nves t iga to r s ,  which a r e  i n  r a t h e r  

Ion iz ing  e l ec t ron  

+ 
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poor agreement. The meaeurements confirm t h a t  the  croes  sec t ion  

e x h i b i t s  a maximum a t  a p p r o x b a t e l y  180 eV inc ident  ion energy, 

Theoret ical  ca l cu la t ions  by Gumee and Hagee and by Karmohapatro 

2 a r e  discueeed f o r  t h i s  reac t ion .  - A r  + D2+ was a l s o  found t o  e x h i b i t  a maximum, but a t  approxi- 

mately 85 eV, which i s  nea r ly  the s a m e  center-of-maes energy a e  

f o r  the  €I2 t a r g e t .  The possible  inf luence of ion-molecule re- 

a c t i o n s  on the  charge t r ans fe r  c r o s s  sec t ions  i e  discussed.  

The crose eec t ion  f o r  A r +  + D 

IN TRODUC TIOH 

Charge exchange c ross  sec t ions  f o r  low energy argon ions i n  

molecular hydrogen a r e  of inte,rest  fo r  severa l  reasons,  The study we 

report here  of t h i s  crose sec t ion  a rose  becauee of the i n t e r e s t  i n  ob- 

t a i n i n g  a , n e u t r a l  argon beam for i on iza t ion  s tud ie s  a t  low energ ies .  

By obta in ing  a n e u t r a l  beam i n  t h i s  manner, one can be assured t h a t  no 

metaetable argon a t a n s  w i l l  a r i s e  below 240 eV beam energy, s ince  the 

center-of-mass energy for the  Ar' + H charge-exchanging c o l l i s i o n s  i s  

only 1/21  of the  inc ident  ion energy. In  add i t ion ,  t h i s  c ros s  sec t ion  

i s  of considerable  t h e o r e t i c a l  interest. Both the measurements performed 

by Wolf and by Gilbody and while d i f f e r i n g  considerably i n  

1 

2 

2 

'R. C. Amme and H. C. Hayden, J. Chem. Phys, 44(1966) (to be published).  

2 

%. B. Cilbody and J. B. M s t e d ,  Proc. Roy. SOC. - A238, 334(1957). 

F. Wolf, Ann. d e r  Phys. 27, 543(1936).  
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magnitude, show a maximum i n  the cross  sec t ion  in  the neighborhood of 

200 eV. Since the C ~ O B S  eectFon i s  non-resonant, one may expect on 

the basis of the ad iaba t i c  criterion tha t  a maximum may appear a t  high 

energy if t h e  If2" ion is formed in the  ground v ib ra t iona l  state,  but 

a t  much lower energy i f  i t  i s  formed i n  the vll s t a t e .  A t heo re t i ca l  

t reatment ,  while complicated for the  scb t te red  wave method, i s  possible  

with the semi-claseical  impact parameter method. Hence, t h i s  crose 

sec t ion  a l s o  ha6 been s tudied theo re t i ca l ly :  by Gurnee and Hagee,l( and 

by Karmohapatro and Das. 

in  which the hydrogen molecular ion i s  left v ib ra t iona l ly  exc i t ed ,  and 

found a t h e o r e t i c a l l y  la rge  c ros s  sec t ion  with a predicted aexin~m a t  

about 20 e V .  Kannohapatro, using an improved wave funct ion,  attempted 

t o  obta in  c lose r  agreement with experiment. 

work l a t e r  (see Discussion). 

Gurnee and Magee coneidered the reac t ion  5 96 

W e  s h a l l  r e t u r n  t o  t h i s  

+ The A r  + D2 charge exchenge process is a l s o  of in te res t ,  be- 

cause there  a r e  d i s t i n c t  d i f fe rences  from, and s i m i l a r i t i e s  t o ,  t h e  

case of hydrogen. The c.m. energies  d i f f e r  for the  two cases  by a factor 

of 1.9 a t  a given beam energy. me ionizatFon po ten t i a l  d i f f e r s  s l i g h t l y  
7 

E. F. Gurnee and J. L. Magee, J. Chem. Phys. 26, 1237(1957). 4 

5S. 8. Karmohapatro and T. P. Das, J. Chem. Phys. - 29, 240(1958). 

6 

7 

- 

S. 3. Karmohapatro, J. Chem. Phys. 30, 538(1959). 

V. H. Dibeler ,  R.  N. Reese, and H. Krauss, 3. Chem. Phys. 42, 2045(1965). 

- 
- 
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from t h a t  for H2, and the v ib ra t iona l  (and ro t a t iona l )  l e v e l s  of the 

D2+ ion a r e  more c lose ly  spaced. The energy d e f e c t s  f o r  the  two charge 

t r a n s f e r  r eac t ions  w i l l  d i f f e r  only s l i g h t l y  for the  w o  cases  but con- 

s iderably  more, r e l a t i v e l y ,  for exci ted v ib ra t iona l  s t a t e s .  

APPARATUS 

The argon ion beam was formed by e l ec t ron  impact and e l ec t ro -  

s t a t i c  acce le ra t ion .  'Ihe ion source design is t h a t  described by 

Utterback and Miller. A tungsten w i r e  f i lament  is  used with a hea t ing  

vol tage of 3 . 6 ~ .  The argon u t i l i z e d  was of high p u r i t y ,  and the re- 

s u l t a n t  ion beam was b e t t e r  than 99% pure e s  determined by a quadrupole ,, 

spectrometer.  Contaminants were a few ten ths  percent  water vapor and 

N2+. I n  Fig. 1, a p l o t  i s  

shown of the ex t r ac t ed  ion cu r ren t ,  normaliied t o  t o t a l  ion iz ing  elec- 

t ron  c u r r e n t ,  a s  a funct ion of the ion-source vol tage read from an 

accu ra t e  voltmeter.  The break-point is found t o  be a t  17.8 vo l t s .  The 

o f f s e t  of the e l ec t ron  energy of approximately 2 v o l t s  from the 15.755 

8 

Operating pressure was t yp ica l ly  20 mtorr.  

+ 2  eV appearance p o t e n t i a l  f o r  A r  ( P ) ground s t a t e  ions i s  reasonable ,  
3 / 2  

consider ing the 1.8 V e l eva t ion  of the center  of the f i lament  above the  

ion  source case and the thermal e l ec t ron  energy. The presence of some 

A t  ( P+) is a l s o  expected, s ince  t h i s  s t a t e  l ies a t  15.932 e V  (spectro- 

scopic  value).  An e l ec t ron  energy of about 18 e V  was used f o r  most of 

t h e  measurements i n  order  t o  obtain adequate ion cu r ren t .  Ion energy 

spread with t h i s  type source i s  small .  

+ 2  

I 

8 

8N. G. Utterback and G. H. Miller, Rev. Sci .  I n s t r .  32, llOl(1961). 
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2he charge t r a n s f e r  c e l l  is shown i n  Fig. 2. I ts  opera t ion  has 

and w i l l  be discussed only b r i e f l y  

The ent i re  system was evacuated by l iquid-ni t rogen trapped mer- 

been descr ibed in  o the r ,  

here.  

cury d i f fus ion  pump8 t o  a pressure of a few t h e 8  loo7 t o r r .  

t rodes  a r e  gold p la ted .  

is used to reduce the  accumulation of charge on the  entrance ape r tu re  

and t o  improve beam focus and s t a b i l i t y .  The f i n a l  e x i t  ape r tu re  is 

f i t t e d  with a tube  which leads to a dry- ice  trapped McLeod gauge and 

also t o  an MKS Baratron capacitance manometer. 

pressure measurement were in  good agreement, a s  t o  be expected with 

hydrogen. 

A l l  e lec-  

The small f i lament  a t  the  top  of the  oseembly 

10 
The two types of 

Typical n e u t r a l i z i n g  pressure was about 0 .1  mtorr.  

The t r a n s f e r  c e l l  cons i s t s  of a c y l i n d r i c a l  g r i d  of 0.0007 in .  

gold-covered w i r e  maintained a t  ground p o t e n t i a l .  The g r id  is surrounded 

by a concentr ic  cup whose po ten t i a l  may be held pos i t i ve  with r e spec t  t o  

the g r i d  t o  r e p e l  the slow ions a r i s i n g  from charge t r ans fe r .  The slow 

ions  a r e  then co l l ec t ed  on the gr id  a s  i3 ,  while sca t te red  ions with 

s u f f i c i e n t  energy a r e  co l l ec t ed  on the cup a s  i The f a s t  ions which 

do not  becane sca t t e red  o r  undergo charge exchange a r e  measured on the 

2 '  

'R. C. Amme and H. C. Hayden, J. Chem. Phys. 42, 2011(1965). 

10 
A comprehensive study of the accuracy of t h i s  type instrument has  been 

descr i -kd by N. G. Utterbeck (aubmitted t o  Rev. Sci .  In s t r . )  and also 

by P. Rmy, Lawrence Radiation Laboratory Report UCRL-11218, P t .11 ,  

Berkeley, ~ s l i f o r n i a ( l 9 6 5 ) .  
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ion c o l l e c t o r  as  the cur ren t  il. 

of the  s c a t t e r i n g  p robab i l i t y  t o  the charge- t r a n s f e r  p robab i l i t y .  

sum i + i 
+ i.,. 
is c a l l e d  B. 

c o n o t i t u t e s  an approximate energy a n a l y s i s  of the slow and sca t t e red  ions.  

Figure 3 presents  t yp ica l  analyses  f o r  the two cases.  The sudden rise of 

cur ren t  with increas ing  cup po ten t i a l  corresponds t o  those Hg+ and D2+ 

ions which have been formed with l i t t l e  momentum t r ans fe r .  The near ly  

The f r a c t i o n  i2/i3 i n d i c a t e s  the  r a t i o  

The 

i s  typ ica l ly  15% of t h e  to ta l  inc ident  beam curren t  il + i2 

The r a t i o  of the g r id  cu r ren t ,  i3, t o  the t o t a l  inc ident  cu r ren t  

2 3 

The measurement of 6 a8 a funct ion of the cup potent ia l  

cons tan t  slope a t  higher  cup po ten t i a l s  corresponds t o  sca t t e red  ions.  

The slope is, f o r  these t a r g e t  gases ,  very gent le  and the breakover i s  

q u i t e  d i s t i n c t ,  so that  ex t rapola t ion  of the l i n e a r  port ion of the curves 

back to zero cup p o t e n t i a l  can be performed without ambiguity. 

t r a n s f e r  c ros s  sec t ions  a r e  obtained from t h i s  ex t rapola ted  value.  The 

quan t i ty  B/P,  where P is the  neu t r a l i z ing  gas pressure ,  i s  proport ional  

t o  the  charge exchange c ross  sec t ion ,  0 I f  P is i n  u n i t s  of mtorr the 

The charge 

9 '  

conversion f a c t o r  t o  square angstroms is  76.3. 

RESULTS 

I n  Fig. 4 we have p lo t t ed  the  charge exchange C ~ O S B  s ec t ion  

Each point  i8 a r e s u l t  of an energy 

f o r  

+ the  process Ar+ + H -+ A r  + E2 . 
2 

a n a l y s i s  of the  type seen i n  Fig.  3. Shown f o r  comparison a r e  the meas- 

urements by Gilbody and Hasted,3 Wolf,' and by Ghosh and Sheridan. 11 

"S. N. Ghosh and W. F. Sheridan, J. Chem. Phys. 26, 480(1957). Not shown 
are sane measurements by Guetafsson and 3indholm (Ark. Fys. l.8, 219(1961)) 
who o b t a i n e d n o s s  sec t ions  l e s s  than 101 . 

1 
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There i s  good agreement between our own data  and those of the  l a t t e r  

au thors .  

t i v e  t o  energy above 300 eV. In  p a r t i c u l a r ,  we observe a cross  sec t ion  

which i s  nea r ly  cons tan t  from 250 t o  1100 e V  and about 17% grea t e r  than 

tha t  of Ghosh and Sheriden. A gent le  maximum i s  observed a t  about 175 

eV. A max€mum i n  t h i s  region i s  in reasonable zgreement with a l l  o ther  

d a t a .  A pronounced decrease is observed below 100 eV. 

Both r e s u l t s  show t h a t  the c ros s  sec t ion  i s  f a i r l y  insensi-  

R e s u l t s  of the measurements for the process:  

A f  + D2 + A r  + D2+ 
are shown in  Fig. 5 ,  along with the  H process from Fig. 4 for comparison. 

The crose  sec t ion  involving d e u t e r i m  i o  found to be more dependent upon 

ion energy and crooscs through that for H The maximum, which occur8 a t  

about 85 e V ,  is coneiderably more pronounced. 

2 

2 '  

02 
A measurement a t  2400 eV (not shown) gave a cross sec t ion  of 9.3A , 

i n d i c a t i n g  f u r t h e r  decrease i n  C+ with increas ing  energy. 

DISCUSSION 

Because of the  low 

ion b e a m  cons i e t s  only of 

23+1 (1:2) or higher.  To 

ion iz ing  e l ec t ron  energy used i n  t h i s  work, the  
2 2 

and P ions, perhaps i n  the r a t io  of p1/2 3R 
determine whether the ion iz ing  e l ec t ron  energy 

was an important f a c t o r ,  w varied t h i s  parameter over a wide range 

f r a n  j u s t  above threshold ,  namely  16 e V ,  t o  over 40 eV.  

both high and low beam energies, and for D2 and R2 t a rge t s .  

n i f i c a n t  e f f e c t s  were observed. 

Th io  was done a t  

No very sig- 

In Fig. 6 we have p lo t t ed  the ratio B/P, 
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obtained with the cup a t  10 v, a s  a funct ion of ionizing e l e c t r o n  energy, 

and using a 50 eV ton beam with H2 t a r g e t  gas. Variat ions were typ ica l ly  

on the order  of 59.. A t  low e l ec t ron  ene rg ie s  (717 eV) the beam i n t e n s i t y  

is  a l s o  low, and the  values of 8 less precise .  7 

With the presence of both J - 3/2, 1/2 argon ions, we have several 

+ near-resonant processes possible for H2 (PO, 1 , Z ) :  

A r  + H +(v=O) i- 0.328 e V ;  

A r  + H 2 + ( v l l )  + 0.059 e V ;  
2 

A r  + H2+(v=2) - 0.195 e V ;  

A r  + H2+(v-O) + 0.505 e V ;  

A r  + H2+(v-l) + 0.236 e V ;  

Ar + H2+(v-2) - 0.018 e V .  

For the  deuterium t a r g e t  (vpO,l,Z): 

(7 )  Ar+(J=3/2)+D2 A r  + D2+(v10) + 0.291 eV; 
(8) - A r  + D2+(v=1) + 0.096 e V ;  

(9) e A r  + D2 ( ~ 2 )  -0.091 eV; 

(10) Ar+(J=g) + D2 A r  + D '(v-0) + 0.468 c V ;  

(11) + A r  + D2 (v-1) + 0.273 e V ;  

(12) + + D2+(v12) + 0.086 e V ,  

+ 

2 
+ 

In the l a t t e r  ca6e, considering also v-3, we have 

+ (13) A f ( 3 - f )  + D, 4 Ar + D., ( ~ 1 3 )  - 0.094 e V .  

, 
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I n  ca l cu la t ing  the above energy de fec t s  f o r  i n f i n i t e  separa t ion  
12 

we have used the spectroscopic  values f o r  i on iza t ion  p o t e n t i a l s :  

Ar+(2P ),  15.755 e V ;  Ar + 2  ( P ), 15.932 e V ;  H 2 + ( v 1 0 ) ,  15.427 e V ;  D2+(vlo),  
312 4 

15.464 eV.  The la t ter  value i s  t h a t  reported by Dibeler ,  Reese and 

K r a u s ~ . ~  To obta in  the v ibra t iona l  l e v e l s  f o r  E +- w have included the 
2 

13 
anharmonicity f a c t o r ,  u) x which con t r ibu te s  0.015 e V  i n  Reaction (2 ) .  e e '  

With these more prec ise  values we f ind  f o r  t h i s  r eac t ion  an energy de fec t  

of 0.059 e V ,  i n  c o n t r a s t  to  the  0.04 e V  used by Gurnee and 

d i f f e rence  of nea r ly  50% would move the pos i t ion  of t h e i r  ca lcu la ted  

Thie 

maximum t o  higher  energy and reduce the  o v e r a l l  c ros s  sec t ion  t o  give 

b e t t e r  agreement with experiment. Karmohapatro a l s o  used an energy 
6 

defec t  of M.04 e V  i n  h i s  ca l cu la t ions ,  and obtained a maximum i n  the 

cross sec t ion  a t  about 40 e V  for Reaction (2).  The c r o s s  sec t ions  t h a t  

he obtained f o r  Reactions (4) and ( 5 )  appear t o  agree  w e l l  with experi-  

ment. However, the  energy defec ts  employed were i n  ser ious  e r r o r .  

Higher v ib ra t iona l  states were not considered. The Franck-Condon f a c t o r s  

f o r  H2+ observed by p h o t o a b ~ o r p t i o n ' ~  ind ica t e  the importance of Reaction 

(6) as well: the  higher  c r o s s  sec t ions  obtained by Gilbody and Basted,  to- 

ge the r  with t h e i r  r e s u l t s  f o r  A f t '  i n  A r ,  which also exhib i ted  a maximum 

nea r  150 eV, ruggest  a higher  concentrat ion of the  2P 

beam. By c o n t r a s t ,  the  cro8s sec t ion  f o r  t h i s  syrmaetric r eac t ion  as 

measured with o u r  beam shows a resonant behavior. 

s t a t e  f o r  t h e i r  f 

9 

12R.  W. Kiser, Tables of Ioniza t ion  P o t e n t i a l s  USAEC Report "ID-6242, Off ice  

Of Tech. Serv., Dept. of Cmmerce, Wash., D.C.(1960). 

I3G. Herzberg, Spectra of Diatomic Molecules (D.  Van Nostrand Co. , I n c . ,  

Pr ince ton ,  M.J., 1950) P.92. 
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For thh case of D+, we h a w  used the v ib ra t iona l  energ ier  calcu- 2 
14 la ted  by Dunn. In  all these a r g m e n t s ,  r o t a t i o n a l  t r a n s i t i o n s  have 

been neglected . 

We note  a l s o  t h a t  the ad iaba t i c  c r i t e r i o n :  aICIElz hvma,, which 

provides an est imate  of the r e l a t i v e  ve loc i ty  a t  the maxfmlaa C# i n  

terms of the  Lnteraction d is tance  2, may be wr i t ten :  Ernax 25 h % ( A E )  , 

with the energ ies  E and AE i n  e V ,  8 in angstrom u n i t s  and M a s  the 

atomic weight of the inc ident  ion. For Reaction (l), the  observed 

maximum a t  180 e V  would y i e l d  the value: a r 4  2. 
value were va l id  f o r  both H2 and D2 t a r g e t a ,  the  corresponding maxi- 

mum f o r  D2, Reaction (7) ,  would be found a t  about 140 eV.  

2 

- 

Bowever, i f  t h i s  

The r e l a t i v e  populat ions of D2+ v i b r a t i o n a l  s t a t e s  f o r  d i r e c t  

ionizat ion14 are la rge  f o r  the r 2 , 3 , 4  s t a t e s ,  suggest ing the import- 

ance of Reaction ( 9 )  and possibly (12), (13). However, none of these 

has  an energy d e f e c t  a8 smal l  as Reactions (2) and ( 6 )  involving B2 + 

(w1 ,2 ) ,  f o r  which the Franck-Condon f a c t o r s  a r e  a l s o  la rge .  

In  terms of the  center-of-mass energy, the  maxima f o r  the  two 

processes  i n  Fig.  5 occur a t  near ly  the same place,  namely 8 eV. Geise 

and Hoier  have s tudied  the  ion-molecule reac t ion :  
15 

+ A=+ + D2 -m A r D  + D. 

A t  a c.m. energy of 8 e V ,  the  cr088 sec t ion  for t h i s  reac t ion  mey be a8  

high as  a f e w  square angs t rans ,  and a t  35 e V  l a b  (3.2 e V  c.m.), on the 

1 4 G .  H. Dunn, J. Chem. Phys. - 44, (1966) (Apri l  i s s u e ) >  

"C. F. Giese end W. B. Maier 11, J .  Chem. Phys. - 39, 739(1963). 
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2 order  of 10 . Thus, the  rise in  the charge exchange croft# sec t ion  

appears t o  precede the  ion-molecule r eac t ion ,  and a t  low c.m. ene rg ie s ,  

0 gives  way t o  t h i s  competing process. 9 

The presence of the  ion-molecule r eac t ion  should no t  a f f e c t  our 

The A d  and ArD* ions which may be formed w i l l  measurements adversely.  

c a r r y  considerable  k i n e t i c  energy, and i f  they a r e  no t  s ca t t e r ed  i n t o  

the cup, they w i l l  be co l l ec t ed  as i and cannot con t r ibu te  s i g n i f i c a n t l y  1 

t o  the  elow ion cur ren t .  As a check on the v a l i d i t y  of t h i s  remark, we 

have ueed the n e u t r a l  beam formed i n  the charge t r ane fe r  to  re-examine 

the ion iza t ion  c ross  sec t ion  f o r  argon atoms on argon atoms. P re 1 im- 
I6 

inary  r e s u l t s  i nd ica t e  very good agreement with the  c ros s  sec t ions  ob- 

ta ined by n e u t r a l i z i n g  the beams i n  argon. 

in  a l a t e r  paper. 

This work w i l l  be described 

The authors  a r e  indebted t o  klessrs. H. C .  Hayden and P. 0. Haugsjea 

for laboratory a s s i s t ance .  

I 

'6H. C .  Hayden and R. C.  h e ,  Phys. Rev. a, 30(1966). 
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